Splitting water to hydrogen and oxygen is a promising approach for storing energy from intermittent renewables, such as solar power. Efficient, scalable solar-driven electrolysis devices require active electrocatalysts made from earth-abundant elements. In this mini-review, we discuss recent investigations of homogeneous and heterogeneous hydrogen evolution electrocatalysts, with emphasis on our own work on cobalt and iron complexes and nickel-molybdenum alloys.
I. Introduction
Sunlight is the only renewable energy source that alone can scale to levels required to replace fossil fuels.
1 Although solar is quickly approaching cost parity with traditional fuels, 2 the temporal intermittency of sunlight limits the scale at which solar technologies can be incorporated into the energy mix.
3,4
Indeed, current solar technologies contribute mainly to electricity usage, and electricity itself accounts for approximately 40% of total energy use in the United States.
5
Several methods for storing electricity derived from photovoltaics and other intermittent renewables are available, but all have drawbacks. For example, pumped hydro energy storage is efficient and inexpensive, but limited by geographic requirements. 6, 7 Large-scale electricity storage in batteries is efficient, but suffers from high cost and low energy density. 8 Water electrolysis is also a promising mode of energy storage, as it is possible to obtain reasonably high efficiency and high energy density using hydrogen compressed in high-pressure cylinders.
9,10
Photovoltaics and water electrolysis are both mature technologies, but current-generation photovoltaic modules and electrolyzers do not provide electricity and hydrogen, respectively, at costs comparable to existing fossil fuel sources. Therefore, innovations are needed to realize solar energy storage technologies that are competitive with non-renewable fuels. Many research groups, including ours, have focused on the development of integrated solar water splitting systems based on the direct coupling of semiconductor light absorbers with catalytic species. [11] [12] [13] [14] [15] Several other approaches to solardriven electrolysis are also being studied with respect to their technological and economic feasibility.
16,17
Whether or not they are driven by sunlight, water electrolysis devices require efficient catalysts for electrochemical hydrogen and oxygen evolution. Notably, catalysts based on platinum, the industry standard for proton exchange membrane (PEM) electrolysis, are not likely to be viable for solar water splitting schemes. This is because PEM electrolyzer systems would require millions of kg of Pt to store even a small proportion of the global energy demand, whereas the total global annual Pt production is only $200 000 kg per year.
18 Therefore earthabundance is a key requirement for materials to be used in highly scalable water splitting systems.
Much work has gone into evaluating homogeneous and heterogeneous hydrogen evolution catalysts for applications in efficient, scalable energy storage. Molecular species or solid compounds may be used to catalyze electrochemical or photochemical hydrogen evolution, and they may either be attached to an electrode surface or freely diffusing in solution. While molecular compounds have played a primary role in elucidating mechanistic details of hydrogen evolution electrocatalysis, solid catalysts have generally performed better in functional systems.
Here we present a mini-review of recent work on homogeneous and heterogeneous hydrogen evolution electrocatalysts. To differentiate our article from other reviews, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] we emphasize elucidation of mechanisms employed by homogeneous catalysts, especially those incorporating cobalt. Additionally, we discuss recent work on Ni-Mo composites as earth-abundant heterogeneous catalysts for solar-driven hydrogen evolution.
II. Homogeneous systems
Enzymes can perform the hydrogen evolution reaction (HER) efficiently through nickel and iron cofactors, which evolve hydrogen catalytically near the thermodynamic potential with turnover frequencies as high as 9000 s À1 at 30 C. 32, 33 However, the relative instability of these enzymes under aerobic conditions has led to a search for robust inorganic compounds that can produce hydrogen from water. Platinum is an excellent catalyst for proton reduction and hydrogen oxidation, but scarcity and high cost limit its widespread use.
Considerations of cost and scalability have led to the development of catalysts for hydrogen evolution that employ earthabundant metals. 21, 23, [34] [35] [36] While homogeneous catalysts typically degrade faster than their heterogeneous counterparts, molecular systems are easier to study mechanistically, and several research groups, including ours, have undertaken extensive efforts to synthesize and characterize such electrocatalysts. It is our view that understanding the fundamental mechanisms of electrocatalytic hydrogen evolution will aid the design of better homogeneous and heterogeneous catalysts.
Work on molecular systems
Recent work has yielded molecular HER catalysts using a variety of transition metals with higher abundance than Pt. DuBois reported the production of H 2 in acetonitrile solution with turnover frequencies above 100 000 s À1 for a family of mononuclear nickel-phosphine complexes (1, Fig. 1 ) containing pendant proximal bases. 37 The proposed mechanism of proton reduction and hydrogen oxidation with nickel-phosphine complexes involves the cooperative interaction of H 2 with both the metal center and multiple proton relays incorporated in the second coordination sphere. 25, 26, 38 Molybdenum oxo (2) 39 and molybdenum sulde (3) 40 species also catalytically generate hydrogen from water. Related cobalt species catalyze the hydrogen evolution reaction, albeit at high overpotentials.
41-44
Co-diglyoxime complexes (4) generate H 2 from protic solutions at overpotentials as low as 40 mV. 19, 20, 22, [45] [46] [47] [48] [49] Recent reports indicate that cobalt dithiolene complexes (5) catalyze both photocatalytic and electrocatalytic hydrogen production from water, 50,51 and a cobalt bis(iminopyridine) complex (6) also is a highly active electrocatalyst for water reduction in buffered aqueous media.
52
Although molybdenum, cobalt, and nickel are more abundant than platinum, an even more attractive candidate for the catalytic metal center is iron, the most abundant transition metal. Savéant Moreover, electrochemical studies of a covalently linked dicobaloxime revealed that the rate of hydrogen evolution was not signicantly different from that of a monomeric analogue. 96 These experiments suggested that hydrogen evolution likely occurs by protonation of reductively generated Co II -H rather than homolysis of two Co III -H units.
In very recent work, we found that a cationic cobalt(I) complex supported by a triphos ligand framework (triphos ¼ 1,1,1-tris(diphenylphosphinomethyl)ethane) reacts with p-toulenesulfonic acid to evolve hydrogen at room temperature. increasing acid concentration, conrming that mechanism 3 in Scheme 3 is the predominant pathway. Analysis showed that the rate constant associated with the reduction of Co
is almost a factor of 20 higher than the one corresponding to the bimolecular reaction of Co 
III. Supported catalysts
Immobilization of molecular species on semiconductor materials has gained recent interest.
11 Several reports have focused on the development of efficient and robust electrode materials for hydrogen evolution in a scalable electrolysis or photoelectrolysis cell. In this context, the development of advanced materials and techniques has allowed signicant progress such as the attachment of molecular sensitizers and catalysts to semiconductors for developing integrated photoanodes and photocathodes. Practical applications of these immobilized species require that these materials can operate under entirely aqueous conditions.
Peters and coworkers have reported that Co(dmgBF 2 )-(MeCN) 2 (dmg ¼ dimethylglyoxime) can be adsorbed on glassy carbon electrodes by controlled potential electrolysis at À0.6 V vs. SCE for 1 h. 97 The chemically modied electrode material was active for hydrogen evolution in acidic aqueous solution (pH ¼ 2), with an overpotential of only 100 mV. Le Goff et al. have shown that the covalent attachment of a nickel bisdiphosphine system onto amine-modied multiwalled carbon nanotubes (MWCNTs) generates a high surface area cathode material (25, Fig. 6 ). 98 The nickel functionalized MWCNTs material evolved hydrogen from a 0.2 M nBu 4 NPF 6 acetonitrile solution in the presence of [DMFH]OTf/DMF with an overpotential of 200 mV. The generated electrocatalytic material showed high activity towards the production and oxidation of hydrogen, as well as operation under acidic aqueous conditions (0.5 M sulfuric acid). These extreme conditions are required for catalyst viability in proton exchange membrane systems. In a similar fashion, a cobalt diimine-dioxime complex was graed to the surface of a carbon nanotube electrode, and the resulting electrocatalytic cathode material (26) evolved hydrogen from aqueous solutions (pH ¼ 4.5) with an overpotential of 590 mV at a current density of 1 mA cm À2 . 99 UV-induced immobilization chemistry of alkenes to visible light-absorbing semiconductors, such as p-type (100) GaP and p-type (111) Si, was used to generate photocathode materials that are relevant to light capture and conversion applications in articial photosynthesis. 100 This graing procedure was used to generate the material 27. The catalytic activity of this material has not been reported. Another procedure involves UV-induced immobilization chemistry of vinylpyridine to p-type (100) GaP surface, followed by coordination of the cobaloxime complex (Co(dmgH 2 )(dmgH)Cl 2 ) to pyridine moieties to generate a photocathode material (28) that showed enhanced photochemical performance in aqueous conditions at neutral pH.
101
Despite
If the catalysts are attached to light-absorbers, one of the requirements for an efficient device is to optimize absorber surface area and catalyst loading. Lowering the overpotentials and enhancing the stabilities of immobilized catalysts under aqueous acidic conditions are areas where much additional work is needed.
IV. Heterogeneous systems
Heterogeneous hydrogen evolution was the subject of several of the earliest studies of electrode kinetics by Tafel.
102,103 Subsequent efforts have shown that hydrogen evolution can proceed at metallic electrode surfaces through the following primary steps:
where the asterisk (*) indicates a surface adsorption site. Eqn (1) is commonly known as the "discharge" or Volmer step, eqn (2) is known as the "atom + ion" or Heyrovsky step, and eqn (3) is known as the "atom + atom" or Tafel step. Hydrogen evolution proceeds through eqn (1) followed by either eqn (2) 
112
Elucidating the mechanism of heterogeneous hydrogen evolution usually takes the form of Tafel analysis, where the steady state or quasi-steady state current, i, at a catalyst of a given composition is measured over a range of overpotential, h. Then log(i) can be plotted against h to give a linear relationship, known as a Tafel line. The intercept of the Tafel line with the current axis gives the exchange current density, i 0 , which is related to both the inherent reaction exchange rate at dynamic equilibrium and the electrochemically active surface area of the catalyst. The slope of the Tafel line is independent of surface area and takes on a limited number of values that correspond to the dominant mechanism. Generally Tafel slopes equal to 2:3RT aF (or $120 mV per decade for a ¼ 0.5 at room temperature), where a is the electrochemical transfer coefficient, 113 are taken to indicate that the initial discharge step is rate-determining, whereas lower Tafel slopes indicate that either the atom + atom or ion + atom step is rate-determining. 114 Additionally, if the electrochemically active surface area can be measured directly, i at any overpotential can be converted through the Faraday constant to units of electrons s
À1
, normalized to the active surface area and the stoichiometric number of electrons transferred per turnover, and interpreted as a TOF.
Our research group has been interested in studying earth-abundant heterogeneous hydrogen evolution electrocatalysts for use in solar water splitting systems. Several earth-abundant heterogeneous catalyst candidates have recently emerged as particularly promising, including Mo suldes and Ni-Mo composites. Recent developments in Mo suldes have been reviewed elsewhere. 115, 116 In the following we discuss work on Ni-Mo composites. 
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Previous work on Ni-Mo
Nickel-based composites have been studied for decades as hydrogen evolution catalysts in alkaline electrolyzers.
104
Composites based on mixtures of Ni and Mo exhibited the highest activity, stability, and they were therefore studied extensively. Work in the late 1950s and early 1960s showed that metallic molybdenum could be electrodeposited from aqueous solution as an alloy with iron-group metals, whereas pure molybdenum-containing solutions would only electrodeposit as the partially reduced oxide. 117, 118 Furthermore, the cooperative deposition of metallic material only proceeded under conditions where hydrogen also was evolved, implying unique interactions between Ni, Mo, and H 2 or HER intermediates.
Researchers working for British Petroleum demonstrated in the early 1980s that Ni-Mo alloys synthesized by a pyrolysis/ reduction method exhibited the lowest reported overpotentials required to reach industrially relevant HER current densities for non-noble catalysts. 119, 120 Around the same time, Stachurski et al. patented a Ni-Mo-Cd catalyst that could be electrodeposited onto a substrate and exhibited high activity and stability under alkaline hydrogen evolution conditions. 121 This ternary catalyst was studied in detail by Conway, who concluded that adsorbed hydrogen or a surface hydride is responsible for the improved performance of Ni-Mo-Cd compared to pure Ni.
122-125
In subsequent work, Raj and coworkers evaluated many Ni-based composites.
126-131 All of these composites were electrodeposited and tested under alkaline conditions over a range of temperatures. Those that were composed of Ni-Mo or NiMo-X, where X is another transition metal, consistently exhibited higher catalytic activities than those without Ni and Mo. These researchers focused particularly on the composite Ni-Mo-Fe, as it exhibited the highest activity under alkaline conditions.
The mechanism by which Ni-Mo exhibits enhanced catalytic activity toward hydrogen evolution compared to pure Ni has not been established. Some authors have argued that bulk Ni-Mo is not inherently more active than Ni, but instead exhibits higher activity merely as a result of increased surface area for highly porous coatings. 124, 132 This conclusion is consistent with the observation that Ni-Mo alloys become "activated" even further during the rst few hours of operation, concomitant with removal of some of the Mo component.
121,133
Other researchers have claimed that there is an increase in inherent (i.e., per-active site) catalytic activities for Ni-Mo compared to pure Ni, with two possible modes of enhancement (Fig. 7) . The rst involves electronic synergy, in which bonding in a Ni-Mo alloy or intermetallic phase on the catalyst surface results in a more favorable energy landscape for hydrogen evolution catalysis as a result of mixing elements on either side of the volcano plot for the HER.
119,134-136 Put more simply, Ni-Mo composites are more "platinum-like" than pure Ni or Mo due to an averaging effect between the hydrogen adsorption energies of the respective metals.
The second proposed mechanism for Ni-Mo activity enhancement involves hydrogen spillover. 137 In this mechanism, the surface of the Ni-Mo composite contains distinct but closely spaced nickel and molybdenum components. Enhanced hydrogen evolution proceeds because one of the components facilitates the rst primary step and then transfers the bound hydrogen intermediate to the other component through hydrogen spillover. The second component then completes the reaction. In this case, two distinct species, each with relatively low hydrogen evolution activity, interact cooperatively to facilitate catalysis.
Kinetics analyses of highly active Ni-Mo alloys have yielded Tafel slopes as low as $30 mV per decade at low overpotentials, as well as very high exchange current densities. 120, 124 Both of these factors play a role in the observed catalytic activities of the composites. High exchange current densities are indicative of very high surface areas for synthesized catalysts, and low Tafel slopes imply that the discharge step, which is likely the slow step in Ni electrocatalysis, is fast on Ni-Mo surfaces. Analysis of a Tafel slope, however, cannot differentiate between electronic synergy versus spillover as the operative mechanism for hydrogen evolution.
Recent work on Ni-Mo
We have studied Ni-Mo alloys for use in Si-based hydrogen evolving photocathodes. We developed methods by which Ni-Mo alloys can be electrodeposited onto Si substrates and evaluated the resulting composite photocathodes on the basis of thermodynamically based energy conversion efficiency, which is analogous to photovoltaic device efficiency. 138, 139 More recently, we developed a method by which Ni-Mo nanopowders can be synthesized independently from a substrate. 140 These powders were characterized with respect to their composition, morphology, activity, and stability under hydrogen evolution conditions.
Electrodeposited Ni-Mo on Si. Previous methods for electrodepositing highly active Ni-Mo were based on mildly or moderately alkaline deposition solutions, 118, 121, 141, 142 where the molybdate anion is soluble and nickel(II) can be stabilized by a coordinating ligand such as ammonia or pyrophosphate. We found these deposition solutions to be incompatible with Si photoelectrodes. Instead, we developed a mildly acidic Ni-Mo deposition solution based on nickel sulfamate 143 that allowed for Ni-Mo deposition on Si surfaces. 138 Catalytically active Ni-Mo can be coated onto Si substrates (Fig. 8) by either potentiostatic or galvanostatic deposition. We employed Ni-Mo, deposited from sulfamate solution, in testing the activity and stability of catalyst lms on Si electrodes of various types. 138 First, we evaluated the pure catalytic activity of Ni-Mo deposited onto planar and high-aspect ratio Si microwire structures. Silicon is a convenient substrate for testing the activities of catalyst coatings, because Si itself exhibits very low HER activity and it can heavily doped either por n-type so as to make it a metallic conductor.
Ni-Mo lms on degenerately doped, planar p + -Si electrodes exhibited highly porous morphologies and signicantly higher activity toward the HER than electrodeposited Ni metal coatings. Both Ni and Ni-Mo, however, exhibited poor stability under strongly acidic conditions, as expected for non-noble transition metal catalysts. Si, on the other hand, exhibited low stability under alkaline conditions. Therefore we performed experiments under mildly acidic conditions, which represented the best compromise between activity and stability for the catalyst and semiconductor components. The high aspect ratio of microwire arrays increases the available surface area over which catalyst may be deposited. As a result, when Ni-Mo was deposited onto p + -Si microwire substrates, the coatings exhibited comparable catalytic activity to Pt deposited onto the same substrates (Fig. 9) . We concluded that electrodeposited Ni-Mo alloy is a promising non-noble catalyst for hydrogen evolution on structured Si photoelectrodes.
Pt can be coupled with Si light absorbers to carry out photoelectrochemical hydrogen evolution with rather high efficiency. 138 We characterized the activities of electrodeposited Ni-Mo/p-Si photoelectrodes and compared them with photoelectrodes deposited with Ni and Pt. 138 When coupled directly to p-type Si in planar and microwire geometries, electrodeposited Ni-Mo alloy exhibited higher apparent catalytic activity than pure Ni deposited under the same conditions, and comparable activity to Pt. However, p-Si/Ni-Mo composite electrodes exhibited low photovoltages compared to p-Si/Pt electrodes (Fig. 10) . Subsequent efforts in coupling electrodeposited NiMo to n + p-Si microwire homojunctions yielded photoelectrodes with comparable photovoltages to those using Pt as the HER catalyst.
139
However, photocurrents for the n + p-Si/Ni-Mo composite photoelectrodes were generally lower than those incorporating Pt. Synthesis and characterization of Ni-Mo nanopowder. Electrodeposition is perhaps not the best method of attaching catalysts to semiconductor substrates. The dynamics of electrodeposition of many materials depend critically on the specic surface chemistry of the substrate; in particular, many semiconductor candidates for water splitting photocathodes (Si, GaAs, InP) exhibit very sensitive surface chemistry, especially under aqueous conditions. Additionally, in the absence of complex templating approaches, electrodeposition results in conformal coverage of a substrate with a catalyst layer. Such coverage is desirable for "dark" electrocatalysis, where usually the substrate is inactive compared to the catalyst coating, and so maximal coverage by the catalyst layer is important. However, for semiconductor photocatalysis, conformal coverage of catalyst will attenuate light absorption. Heller did not observe signicant absorption losses on p-InP coated with thin layers of Pt-group metals, 144-147 but a much larger mass of non-noble (e.g., Ni-Mo) material is required to attain comparable catalytic activity, resulting in high optical opacity for the catalyst layer (Fig. 11) .
Owing to challenges posed by sensitive surface chemistry and parasitic light absorption, as well as the difficulty of fully characterizing the composition and properties of electrodeposited materials, we developed a chemical method for synthesizing highly active Ni-Mo "nanopowder" in large quantities. 140 First, a mixed Ni-Mo oxide was precipitated by heating an ammonia solution of nickel(II) and ammonium molybdate in diethylene glycol. The intermediate oxide powder was reduced under a hydrogen-containing atmosphere at elevated temperature. The result was a nanoparticulate powder of Ni-Mo alloy that could be made with a variety of compositions and processed into lms on substrates. Ni-Mo nanopowder lms exhibited high catalytic activity for hydrogen evolution in compositions ranging from 10-40% Mo by mole.
Our Ni-Mo nanopowder synthesis was modeled aer previous work in synthesizing highly HER-active Ni-Mo coatings 120 and Ni-Mo mixed oxides. 148, 149 Unlike previous methods, however, our synthesis did not require deposition of Ni-Mo precursors directly onto a substrate. As a result, it is easy to scale to large quantities and to characterize the physical properties of the catalyst without the convoluting effects of a substrate. The pale green oxide was amorphous and nanoparticulate (Fig. 12) . The product Ni-Mo nanopowder was black, crystalline, and highly porous. Films could be loaded onto inert electrode substrates with varying mass loading to determine the massspecic catalytic activity. We observed a power law relationship between mass loading and current density at a given overpotential under alkaline conditions (Fig. 13) , consistent with "diminishing returns" in activity with increased catalyst loading, as thicker Ni-Mo coatings obscured underlayers from access to reactant.
We also found that Tafel responses for Ni-Mo nanopowders were nonlinear at low overpotentials, especially at high mass loadings. This nonlinear behavior might imply a complex mechanism under operating conditions at low overpotentials. The Tafel expression assumes the rate of the forward reaction far exceeds that of the back reaction. 113 For most electrochemical processes at overpotentials of <120 mV, such an assumption does not hold. In this potential range, a ButlerVolmer rate law, which accounts for the back reaction rate and does not exhibit a linear relationship between h and log(i), must be employed. Further analysis, especially employing in-operando spectroscopic techniques, should be helpful in probing kinetics and intermediates of hydrogen evolution on Ni-Mo composites.
Stability and applications of Ni-Mo nanopowder. Ni-Mo nanopowders exhibited very high stability under hydrogen evolution conditions in alkaline solution. In fact, we observed a slight enhancement in activity over 100 hours of continuous operation at room temperature, consistent with previous observations of very high activity and stability in concentrated alkaline solution for thousands of hours at elevated temperature.
119
Under strongly acidic conditions, Ni-Mo nanopowders exhibited low stability. Although the initial activity was high even in 0.5 M H 2 SO 4 , Ni-Mo catalyst coatings with mass loadings of several mg cm À2 rapidly degraded aer several hours.
We concluded that such coatings are stable enough under acidic conditions for laboratory testing but are not commercially viable in proton exchange membrane electrolysis systems. A key ongoing challenge is increasing the stability of Ni-Mo materials under acidic conditions, or stabilization of photocathode absorbers, such as Si, under alkaline conditions. Recent efforts have shown that Mo-containing catalysts can be stabilized under acidic conditions with the addition of nitrogen and carbon.
150, 151 Chen and coworkers also showed that a Mo-rich Ni-Mo nitride, supported on carbon black, exhibited good activity that was largely retained even aer cycling continuously to very positive electrochemical potentials in 0.1 M HClO 4 .
152 Pure carbon-supported Ni-Mo controls tested under the same conditions by these researchers also exhibited fairly high stability, but very low catalytic activity. Incorporation of carbon, nitrogen, and sulfur additives has been shown to enhance the activity and stability of Co and Fe-based catalysts toward oxygen reduction under acidic conditions. 153 It is possible that the mode of stability enhancement in both cases is similar.
Additional work on Ni-Mo composites has demonstrated potentially viable operation in a full solar water splitting system. Nocera and coworkers reported the use of a ternary Ni-Mo-Zn electrocatalyst electrodeposited onto the cathode terminal of an amorphous Si triple-junction solar cell. 154, 155 When paired with a suitable water oxidation catalyst, a full "articial leaf" was fabricated that was capable of carrying out water splitting at neutral pH without the need for an applied bias. A similar amorphous-silicon based water splitting system, reported by Rocheleau, operated under alkaline conditions with a related Co-Mo HER catalyst. 156 These demonstration water splitting systems are encouraging indications of the plausibility of solar fuels generation using earth-abundant elements.
V. Concluding remarks
Great progress has been made in the last several decades on catalysis of the HER by molecular and solid-state compounds containing earth-abundant metals. For cobalt-catalyzed hydrogen evolution, we have shown that the predominant pathway involves a highly reactive Co II -H intermediate, generated by reduction of Co III -H; and our work with Ni-Mo has demonstrated that non-noble solid HER catalysts are active enough to be useful for efficient solar hydrogen generation.
Challenges remain in the development of molecular and solid materials for solar-driven hydrogen evolution. Molecular systems, in spite of their thorough characterization, do not exhibit sufficiently low overpotentials or aqueous stability to be used in demonstration devices. Earth-abundant solid catalysts such as Ni-Mo suffer from high mass-loading requirements resulting in unwanted light absorption by the catalyst layer. Additionally, many earth-abundant solid catalysts, including Ni-Mo, are not stable under acidic conditions. Incorporation of carbon, nitrogen, and sulfur, however, appears to be a promising strategy to increase their stability.
As the high HER activity of Ni-Mo is not yet understood, there is a clear need to design experiments to differentiate between electronic versus spillover processes. For molecular Co complexes, the key challenge is developing ligand frameworks that tune the Co I/0 reduction potential sufficiently positive to
give low overpotential operation while retaining catalytic activity. Similar arguments can be made for tuning the reduction potentials of molecular catalysts incorporating Fe, Mo, and Ni. In all cases, understanding the predominant pathways for molecular and solid-state hydrogen evolution will continue to aid the design of more efficient catalysts.
